Rehydratable, lyophilized platelets loaded with superparamagnetic iron oxides (SPIOs) has the potential to provide magnetomotive imaging contrast to sites of vascular damage, including thrombosis complicating atherosclerosis and hemorrhage. Magnetomotive optical coherence tomography (MMOCT) contrasts SPIO-platelets based on their nanoscale, magnetically-induced motion. We report improvements in MMOCT imaging contrast and sensitivity by optimizing the magnetic properties and SPIO loading of the platelets. SPIO-platelets have been shown to specifically adhere to sites of vascular damage in porcine arteries ex vivo. This may lead to new methods for detecting internal bleeding and monitoring the formation of blood clots using infused SPIO-platelets.
INTRODUCTION
Clotting at sites of vascular damage is the source of cardiovascular events and the driver of thrombotic complications. Optical coherence tomography (OCT) is increasingly employed as an intravascular imaging modality to provide highresolution imaging of vascular lesions, such as in the coronary artery for identifying unstable plaques [1, 2] , vascular conduit quality during bypass surgery [3] , and assessing balloon inflation during angioplasty [4] . However, OCT image contrast is based upon coherent backscattering, which is not highly modulated by vascular pathology or function. New OCT-based methods for contrasting thrombosis would leverage these current technologies for in vivo imaging while providing the needed tools for functional imaging.
We have recently reported a new method for thrombosis imaging based on the use of infusible, rehydratable, lyophilized (RL) platelets carrying a payload of superparamagnetic iron oxides (SPIOs) which are contrasted using magnetomotive optical coherence tomography (MMOCT) [5] . RL platelets are infusion agent that are prepared from fresh human apheresis platelets and overcome difficulties with platelet storage and harvesting [6, 7] . They have been shown to reduce bleeding times in animal models [8] . Because blood itself is not highly magnetic when volume-averaged [9] , RL platelets can be loaded with SPIOs in sufficient quantity to provide contrast in MMOCT. MMOCT is a method for tracking magnetic particle-loaded cells [10, 11] . Current phase-sensitive implementations of MMOCT are based on tracking the modulated motion of SPIOs in the phase of the spectral-domain OCT signal, resulting in nanomolar sensitivity [12] . Some recent applications of MMOCT have been for hemoglobin contrast [13] , macrophage identification [14, 15] , targeted breast cancer imaging [16] , and optical rheology [17] .
Importantly, we find that SPIO-RL platelets maintain their ability to specifically localize to injured vasculature, and do so in sufficient quantity for detection by MMOCT, as demonstrated in an ex vivo porcine artery experiment [5] . Below, we report new findings in optimizing the magnetic properties of SPIO-RL platelets, which can be greatly enhanced by increasing SPIO uptake, leading to an improved MMOCT imaging contrast and threshold for detection.
MATERIALS AND METHODS

Preparation of SPIO-RL platelets in clot-like aggregates
We prepared SPIO-RL platelet aggregates containing a greater loading of SPIOs, for comparison with dispersed SPIO-RL platelets in our previous study [5] . Here, dextran-coated SPIOs were prepared by a previous method [18] in citrated saline and 0.91 mg Fe/ml. The resulting dextran-coated SPIOs are expected to have core sizes of 10-20 nm, an outer diameter of 30-40 nm, and 50% Fe content by weight. As a comparison, in our previous study, Feridex I.V.® (Advanced Magnetics) is a dextran-coated SPIO with a core size of ~5 nm, ~60% Fe content by weight, and a hydrodynamic diameter of 36 nm.
In order to prepare the SPIO-RL platelets, they were incubated at an equal volume of prepared SPIOs with one-day old apheresis platelets, at a concentration of 1.1×10 9 /cm 3 . The SPIO platelet aggregates were subsequently separated from single platelets and free SPIO via differential sedimentation velocity and density gradient centrifugation, and then were subjected to aldehyde stabilization and lyophilization [6] . We examined them with light microscopy and found that SPIO-RL platelets were aggregates with a structure typical of primary hemostatic clots.
Magnetic properties measurements of SPIO-RL platelets
SQUID (superconducting quantum interference device) magnetometry was used to measure the magnetic properties of SPIOs and SPIO-RL platelet aggregates, and to compare them to freely dispersed SPIOs. We employed a 5T SQUID magnetometer (Quantum Design). SPIOs and SPIO-RL platelets were dispersed into 1% w/v agarose and sealed in a plastic capsule for analysis. Magnetization versus field M(H) hysteresis loops were measured at 20°C, and subsequent calibration and subtraction of the diamagnetic contribution from the agarose and plastic capsule was computed as described previously [5] . The saturation magnetization, M s , and an effective spin cluster magnetic moment, µ, were used as free-fitting parameters in the well-known Langevin function given by:
where k B is Boltzmann's constant, T is temperature, and the effective moment µ can be expressed in numbers of Bohr magnetons µ B . Importantly, µ can be interpreted as the effective size of the superparamagnetic spin cluster, which determines the low-field magnetization and consequently the magnetically-induced force in MMOCT.
For further validation of the effective moment of SPIOs and SPIO-RL platelets, temperature-dependent field-cooled (FC) and zero-field-cooled (ZFC) magnetization was measured. The ZFC measurement was performed by first cooling to 5 K in nominal zero field (< 1 Oe), applying a 50 Oe field, and then measuring the DC magnetic response as the temperature was warmed to 320 K. In comparison, the FC scan was performed in 50 Oe as the temperature was cooled from 320 K back to 5 K. The blocking temperature was determined and the low-field magnetization was fit to the Curie law above the blocking temperature according to:
with µ as the only fitting parameter. 
Methods for MMOCT of SPIO-RL Platelets Phantoms
The methods used for magnetomotive OCT of SPIO-RL platelet aggregates are identical to those described previously [5] . To briefly summarize, a custom spectral-domain OCT system was constructed. This system is comprised of a Ti:Sapphire laser with a center wavelength of 810 nm and ~125 nm bandwidth (Griffin, Kapteyn-Murnane Labs). It also consists of a 30 mm focal length imaging lens which provided 3 × 12 µm (axial × transverse) imaging resolution. There was ~10 mW of optical power at the sample (Fig. 1 ). Images were collected into sequential B-mode frames over 2500 × 9 × 1024 pixels at an A-line rate of 1 kHz with the CCD camera (Dalsa Piranha 2). During acquisition, the magnetic field was modulated at 100 Hz. According to Hall probe measurements, the peak magnetic field and gradient were 0.15 T and 15 T/m, respectively. The OCT and MMOCT images were reconstructed using a phase-resolved method described previously. In this method, a bandpass filterer was used, and induced motions from the diamagnetic tissue background were removed by phase filtering [12] .
RESULTS AND DISCUSSION
The new SPIO-RL platelet aggregates were found to contain >4× the amount of Fe per platelet, which was determined according to the saturation magnetization found with the SQUID magnetometry. As described above, the effective superparamagnetic spin cluster, µ, directly affects the susceptibility and thus the initial slope of the magnetization (in the M vs. H curve) at low field. Our findings were that the SPIO-RL platelets in this study displayed an effective spin cluster >3× larger than free SPIOs.
As a separate measurement of µ, temperature-dependent magnetization at low applied fields were obtained and fit to the Curie law in (2). Because these fields (50 Oe) are lower than those used in the field-dependent scans, the values are expected to be very close to the zero-field value of µ. Importantly, we found that µ from the temperature-dependent (low-field) scans are higher than that from the field-dependent (high-field) scans, but show the same enhancement for that of SPIO-RL platelets compared to that of the free SPIOs.
Importantly, the enhancement we observe in µ for the SPIO-RL platelet aggregates from free SPIOs was not observed for the SPIO-RL platelets in our previous study with Feridex I.V.®, where the values for µ are the same for both and only slightly larger than that of the prepared, free SPIOs in this study. Interestingly, this apparent increase in the effective magnetic cluster size for the SPIO-RL platelet aggregates is associated with a larger Fe loading, as well as an aggregated, clot-like nature. This suggests that magnetic interactions between SPIO particles are becoming significant.
In order to relate these magnetic property measurements to MMOCT contrast, MMOCT was performed of free SPIOs and SPIO-RL platelet aggregates dispersed in 1% agarose with 0.5−2mg/g TiO 2 micropowder as an optical scatterer. The measured magnetic properties of each sample were used to predict the induced magnetization at the peak modulation magnetic field of 0.15T used during MMOCT, while accounting for the negative magnetization from the diamagnetic background. In order to compare these samples with those measured previously, the Fe concentration was held constant at 67 µg/mL.
As expected, the predicted magnetization for each sample was strongly correlated with the resulting MMOCT contrast in tissue phantoms. Representative MMOCT images of free SPIOs and SPIO-RL platelet aggregates are displayed in Fig.  2 . The highest contrast at 67 µg/mL was obtained for the SPIO-RL platelet aggregates, averaging 4.5±0.4 dB. Importantly, the platelet number density this corresponds to is only 0.31×10 9 /cm 3 , or over 4× less than the previous SPIO-RL platelets. 
CONCLUSION
These results suggest that the improved MMOCT contrast properties of SPIO-RL platelet aggregates are both a function of the improved Fe loading, and of particle-particle magnetic interactions, which improve their magnetic properties at the fields used in MMOCT imaging. Future study is needed to determine whether the aggregation of the platelets into a clot-like formation causes some of these improved properties, which may be a new mechanism of enhancing contrast in vivo that is activated when SPIO-RL platelets adhere to clots.
